Abstract. The Leishmania metalloproteinase GP63 has been reported to play important roles mainly in resistance of promastigotes to complement-mediated lysis and in interaction with macrophage receptors. On the other hand, its function in insect vectors is still unclear. We compared the structure and dosage of gp63 genes and the activity of GP63 in Leishmania major Yakimoff et Schokhor strains and lines differing in virulence for mice and ability to develop in sand flies. The results demonstrate considerable variability in amount and proteolytical activity of GP63 among L. major strains although genomic changes in the gp63 locus were not found. Attenuated LV561/AV line showed low amount and low enzymatic activity of GP63. Serial passages of attenuated parasites through either Phlebotomus duboscqi Neveu-Lemaire or through mice led to a recovery of GP63 proteolytical activity to the level present in virulent LV561/V line. Overexpression of GP63 was found in two L. major strains (L119, Neal) with defective lipophosphoglycan (LPG); both these strains were capable to cause mice infection but unable to survive and multiply in sand flies. Differences were found also in karyotypes and in amount of minichromosomes amplified in some lines of the LV561 strain. The results suggest that parasite virulence is not simply correlated with the activity of GP63; however, this enzyme plays a significant role in association with other surface molecules, especially LPG. Overexpression of GP63 can compensate LPG defect in the vertebrate host but in sand flies both molecules fulfil quite different functions and the defect in LPG is lethal for the parasite. On the other hand, linear minichromosomes of about 200 kb found in some lines of the LV561 strain are associated with development in vitro and in the vector but they are not essential for the infection of the vertebrate host.
Leishmania parasites encounter during their life cycle (i) the gut and mouthparts of the sand fly vector and (ii) macrophages of the vertebrate host. The surface molecules, particularly glycoprotein of 63 kDa (GP63) and lipophosphoglycan (LPG), were found to be crucial for parasite survival in these two completely different environments. Both are GPI-anchored glycoconjugates constituting major components of a dense glycocalyx covering the entire surface of promastigotes.
Leishmanolysin GP63 is the major surface protease of Leishmania parasites. It is active in a neutral to alkaline pH range on a wide range of protein substrates (Etges et al. 1986 , Bouvier et al. 1989 ). The glycoprotein is encoded by a family of tandemly linked genes which show marked heterogeneity among some Leishmania species (reviewed by Medina-Acosta et al. 1993 ). In L. major, there are seven gp63 genes and they exhibit stage-specific differences in their expression: five homologous tandemly repeated gp63 genes 1-5 are expressed in promastigotes only, a separated gene 6 is expressed in both promastigotes and amastigotes, while a gene 7 is expressed in stationary phase promastigotes and amastigotes (Voth et al. 1998) . Recent genetic studies showed that GP63 has a role in binding to macrophages and in intracellular development of L. amazonensis (Chen et al. 2000) and in resistance to complement-mediated lysis in L. major (Joshi et al. , 2002 .
The importance of GP63 in the sand fly is indirectly supported by the fact that surface metalloproteinases similar to leishmanolysin GP63 were found in monoxenous insect trypanosomatids Crithidia fasciculata and Herpetomonas samuelpessoai (Etges 1992) , but the function of GP63 in a vector is still unclear. The enzyme could participate in the acquisition of nutrients Chang 1985, Mukkada 1985) and it could protect promastigotes from degradation by the midgut digestive enzymes. Sand fly midgut proteases appear to reach peak activities about one to three days after feeding (Borovsky and Schlein 1987 , Dillon and Lane 1993 , Mahmood and Borovsky 1993 , Schlein and Jacobson 1998 , which corresponds with decreased infections of L. amazonensis transfectants with blocked GP63 synthesis in Lutzomyia longipalpis (Hajmová et al. 2004 ). In contrast, Joshi et al. (2002) reported that L. major GP63-deficient mutants demonstrated normal development inside the sand fly vector Phlebotomus duboscqi.
LPG is composed of a GPI anchor, a conserved hexasaccharide core, a linear array of phosphorylated oligosaccharide repeat units and a saccharide cap (Turco and Descoteaux 1992) . The interspecific polymorphism in LPG structure is expressed in the type and number of oligosaccharide side chains branching from the conserved backbone repeat units (Turco and Sacks 2003) . These species-specific differences are involved in the regulation of the attachment and detachment of promastigotes in the sand fly gut (reviewed by Sacks and Kamhawi 2001) . During metacyclogenesis, the development of infective metacyclic forms is accompanied by about two-fold elongation of the molecule and subtle compositional changes in termination of side chains of the units ). The resulting metacyclic promastigotes display markedly enhanced resistance to both complement-mediated lysis and macrophage killing-mechanisms (reviewed by Sacks 1992) .
Besides of GP63 and LPG, many other factors influencing the life cycle of Leishmania have been reported; in the present study we have focused to the variation in a minichromosome production. The Leishmania genome comprises 36 chromosomes ranging from 0.35 to ∼3 Mb in L. infantum and the linkage groups are conserved in L. major, L. tropica and L. aethiopica (Wincker et al. 1996) . In some occasions, episomal circular or linear additional DNAs (also called minichromosomes) can be observed. Both forms arise by a gene amplification from a large source chromosome. They are often present in multiple copies and may arise (i) in strains selected for drug or after nutrient stress, or (ii) spontaneously in unselected stocks, as in the case of LD1/CD1 elements (Segovia and Ortiz 1997) . Two genes from the LD1 region were identified: ORFG (BT1) encodes a biopterin transporter (Lemley et al. 1999) and ORFF gene product is localised within the parasite nucleus (Ghosh et al. 1999) .
Comparison of GP63 in strains/lines with different biology may contribute to the recognition of the significance of this molecule in the host and/or in the vector part of the Leishmania life cycle. Therefore, the study presented here was aimed at a characterisation of GP63 in four strains of L. major which differ in the virulence for mice , the ability to develop in the vector sand flies P. papatasi and P. duboscqi (Či-háková and Volf 1997) and the production of metacyclic LPG in stationary-phase promastigotes . Gene structure and dosage, protein amount and proteolytical activity of GP63 were ascertained. In addition, changes in these GP63 characters associated with serial passage of an avirulent parasite line through mice or sand flies were investigated. All the strains/lines were karyotyped and variation in minichromosome production was observed. The possible synergetic role of GP63, LPG and minichromosomes in the relationship of the parasite with the vector and the mammal host is discussed. (Heisch et al. 1959 ) and in Uzbekistan from the gerbil Rhombomys opimus, respectively. Dr. Safyanova (Gamaleya Institute, Moscow) provided the low virulent line of Neal strain used for the present study. Four different lines of the strain LV561 were studied: the virulent line (LV561/V) was used after fresh reisolation from BALB/c mice (less then 5 in vitro subcultures); the avirulent line (LV561/AV) was attenuated by more then 40 in vitro passages in culture, and the lines LV561/ AVM5 and LV561/AVS5 were obtained from the LV561/AV line by five subsequently passages through mice (AVM) and sand flies Phlebotomus duboscqi Neveu-Lemaire (AVS), respectively . All the strains and lines were tested previously for the infectivity and virulence in BALB/c mice . High virulence (rapid lesion development) was observed in LV561/V line, while delayed lesion development was found in both FV1 and L119 strains. The line of L119 reisolated from a mouse lesion is named L119/V. The Neal strain and LV561/AV, LV561/ AVM5 and LV561/AVS5 lines were avirulent (no lesions appeared throughout experiments lasting 6 or even 9 months). However, all lines retain the infectivity for mice, as the parasites were reisolated from inguinal nodes in some animals inoculated in the rump . In Neal strain, moreover, freshly reisolated parasites were able to cause lesions after re-inoculation into mice (Svobodová and Sád-lová, unpublished observation). Parasites were maintained at 25°C on SNB-9 rabbit blood agar or RPMI 1640 medium (SIGMA) supplemented with 10% foetal calf serum and 45 µg Gentamicin/ml, and subcultured at four-day intervals.
MATERIALS AND METHODS
Molecular karyotyping. Agarose blocks containing chromosomal DNA were prepared as described by Van Der Ploeg et al. (1984) for trypanosomes. OFAGE using equipment described by Dujardin et al. (1987) were performed on 1.5% agarose gels in 0.4 × TBE running buffer at 7-12°C for 23 hours. Three distinct runs with 45-, 65-, and 125-s pulses achieved resolution of the whole karyotype. The karyotype of reference strain L. braziliensis M2903 (Dujardin et al. 1993a ) was used to determine the sizes of chromosomal bands. Amount of minichromosomes amplified in some lines of LV561 strain was established densitometrically. Chromosomal bands resolved by OFAGE using 125-s pulses were transferred onto nylon membrane and hybridized according to manufacturer's instructions (Amersham). Three different hybridisation probes were used: pLb-134Sp (most conserved part of L. braziliensis gp63 gene; Dujardin et al. 1994) , pLb-22 (putative serine/threonine protein kinase from L. braziliensis M2904; Dujardin et al. 1993b and unpublished data) , and SSUcl79 (a highly conserved fragment of the 18S rDNA gene; Van Eys et al. 1992) ; the two latter probes are linked on chromosome 27 (Inga et al. 1998 ). Molecular karyotyping of strains was used also to check the identity of the different lines maintained in parallel.
DNA isolation and RFLP. Genomic DNA was isolated as described by Sambrook et al. (1989) and digested to completion with restriction enzymes (PstI, SalI, AluI and BglI) according to manufacturer's instructions (BRL). Electrophoresis was performed in a 10 × 14 cm agarose (0.7%) gel at 20 V overnight. Lambda HindIII DNA ladder (BRL) was used to estimate the size of DNA molecules.
Immunodetection of GP63. SDS-PAGE was performed according to Leammli (1970) on 10% gel (thickness 0.75 mm) under reduced conditions; stationary phase parasites (10 7 ), 6 day after subculture, were loaded per lane (equal numbers of promastigotes were preferred instead of equal amount of protein load). After separating the proteins, gels were stained with Coomassie Brilliant blue R-250 (Serva) or proteins were transferred to nitrocellulose membrane according to Towbin et al. (1979) . The membrane was rinsed in TRIS-Tw buffer (20 mM TRIS, 150 mM NaCl, 0.1% TWEEN 20, pH 7.6), blocked overnight in 5% fat-free milk, washed in TRIS-Tw and incubated for 1h with rabbit anti-GP63 antiserum (1:100 dilution in 5% FCS). Polyclonal anti-GP63 antiserum obtained from rabbit injected with the bacterial lipoprotein / L. major GP63 fusion protein (Cornelis et al. 1996) was kindly provided by Prof. P. Cornelis (Vrije University of Brussels, Belgium). After washing in TRIS-Tw, the membrane was incubated for 45 min with peroxidase-conjugated swine anti-rabbit immunoglobulins (SEVAC, Prague) diluted 1:500 in TRIS-Tw and washed in TRIS-Tw. The peroxidase reaction product was developed in PBS buffer with 4-chloro-1-naphtol and 30% H 2 O 2 . Densitometry was done using computer programme Digital Image Processing System (DIPS) version 5.0.
Protease activity of GP63 on gelatine gels. SDS-PAGE was carried out on 10% gels co-polymerised with 0.1% gelatine under non-reduced conditions. The same parasite samples as described for SDS-PAGE were loaded. Gels were soaked three times for 10 minutes in 0.5% Nonidet in TRIS-NaCl, incubated in TRIS-NaCl at 37°C overnight and then stained with Coomassie blue. Proteolytical activity was detected as a clear band on a blue-stained gelatine background. Densitometry was done as described previously.
Statistical analysis. All the statistical evaluations were made using the computer programme Statistica 6. Data were transformed to relative values and nonparametric Spearman test was used.
RESULTS

Karyotype analysis and chromosome location of gp63 genes
Karyotypes of strains LV561, FV1, L119 and Neal were significantly different; differences between strains were apparent in the range of both the high as well as the low molecular weight chromosome-sized bands (Fig. 1a) . Within strain LV561 (Fig. 2a, c) , the four lines presented the same karyotype profile with the exception of one band corresponding to small linear DNA of about 200 kb, which was not found in virulent LV561/V line. This minichromosome emerged in attenuated LV561/ AV line. Further passaging of this line through sand flies (LV561/AVS5) led to the increase of minichromosome copies to about 110% while passaging through mice (LV561/AVM5) decreased the amount of amplicons to about 20% of the initial state (Fig. 2c) . Statistically, amount of minichromosomes was negatively correlated with percentage of mice infections (R = -0.9145; t = -5.0552; P = 0.0039); the correlation with sand fly infections was positive, but insignificant (R = 0.4703, t = 1.1915, P = 0.2869). An unexpectedly high correlation with development in sand flies was found counting this factor together with production of metacyclic LPG in the strains: R = 0.7853, t = 2.8368, P = 0.0363. On the other hand, in lines of L119 strain the karyotype was the same in promastigotes used for mice infection and those reisolated from the lesion (L119/V).
Hybridisation of gp63 probe to Southern blots from OFAGE showed that one chromosome-sized band of about 570 kb (chromosome 10) bears the gp63 genes in all the strains and lines (Figs. 1b, 2b) . The hybridisation intensities of gp63 probe to chromosome 10 were not equal in all strains but the control, rehybridisation of the same OFAGE blots with probes cl79 and pLb-22, both linked to chromosome 27 (Inga et al. 1998) , showed that the differences found among strains and lines should be attributed to the total quantity of loaded cells, not to gene dosage of gp63 (data not shown).
Structure of the gp63 gene locus
The structure of the gp63 locus was examined by hybridisation of gp63 probe to genomic DNA cleaved with various restriction enzymes. Fig. 3 represents patterns obtained using SalI enzyme, which cuts within the intergenic region of the repeats (Button et al. 1989 , Murray et al. 1990 ). All isolates showed identical restriction fragment lengths for the gp63 gene with a small exception in Neal strain (one band in SalI restriction pattern is smaller). This suggests conservation of gp63 genomic organisation among strains and lines here analysed.
Densitometrical scanning of SalI patterns confirmed a copy number of seven gp63 genes: a relative intensity 1 for each weakly hybridising band (two separated genes) and intensity 5 for the strongly hybridising band (cluster of five tandemly repeated genes).
Expression and protease activity of GP63
SDS-PAGE results revealed no significant differences (Fig. 4a, d ) in protein patterns in the GP63 region among samples. Immunoblotting with polyclonal rabbit antiserum showed that expression of surface metalloproteinase GP63 differed among strains and lines (Figs. 4b, e) . In comparison with the virulent line LV561/V (causing rapid lesion development in 100% of mice), expression of GP63 was reduced to one half in avirulent line LV561/AV (causing no lesions in mice). Similar differences were apparent using the GP63 protease activity assay on gelatine gels (Fig. 4c , f, Table 1 ). The lines of the LV561 strain passaged through mice and sand flies (AVM5, AVS1, AVS2, and AVS5) expressed twice as much GP63 as compared with the original avirulent line LV561/AV (Fig. 4e) . The increase of GP63 protein amount in passaged lines AVM5 and AVS5 was accompanied with an increase in protease activity to the level observed in LV561/V line (Fig. 4f) . As shown previously , these passaged lines (AVM5, AVS5) remained avirulent for mice, but developed in sand flies significantly better than the original avirulent line (LV561/AV).
GP63 protein amount and enzymatic activity on gelatine gels were considerably elevated in both L119 and Neal strains (Figs. 4b, c) where decreased expression of metacyclic LPG and poor development in sand flies were previously observed (Čiháková and Volf 1997, Sádlová et al. 1999 ). Higher enzymatic activity in L119 and Neal strains was confirmed by the azocasein assay (Sádlová et al., unpubl.) Statistical analysis (nonparametric Spearman test) confirmed that GP63 activity of strains/lines did not correlate significantly with a percentage of mice infections or a percentage of heavily infected sand flies. The same was true for production of metacyclic LPG in these strains/lines. However, interesting results were obtained by counting expression of GP63 and metacyclic LPG together. There was no correlation with development in sand flies but very significant correlation with a percentage of infected mice (R = 0.9189, t = 5.2106, P = 0.003).
DISCUSSION
A common event in Leishmania species is a gene amplification from large source chromosomes producing small circular or linear additional DNAs, also called minichromosomes. The best known is the LD1 family of amplicons. In L. major, additional DNAs were still observed only as linear elements, originally designated as the 715-class DNAs (Beverley and Coburn 1990). In L. major LV561, three linear minichromosomes homologous to LD1 were described: M180 (180-kb), M210 (210-kb) and M230 (230-kb) or M240 (240-kb) (Navarro et al. 1992 , Ortiz and Segovia 1995 . These minichromosomes showed striking plasticity with regard to size/number, when followed through multiple transfer during in vitro culture and in vivo passage in BALB/c mice. All clones of LV561 containing these elements analysed by Navarro et al. (1992) were highly virulent. However, the authors suggested that these elements do not code any function essential for parasite virulence or indeed survival since clones containing LD1 amplified elements were not more virulent than those lacking them. The present results confirm this opinion, as the virulent line LV561/V did not have this minichromosome. The small linear DNA of about 200 kb emerged during attenuation of LV561 strain in culture (LV561/AV line). Parasites of this line passaged through sand flies (LV561/AVS5) showed further increase of minichromosome copies while passaging through mice (LV561/AVM5) had an opposite effect and amount of minichromosome copies was negatively correlated with percentage of mice infections in tested strains. Therefore, the amplification of LD1, which cause overexpression of BT1 and enhanced uptake of biopterin (Lemley et al. 1999 , Dole et al. 2002 , appears to be more advantageous in promastigotes cultured in vitro and/or for their development in the sand fly and is not essential for a successful vertebrate host infection.
High similarity was found in the structure and copy numbers of gp63 genes even among L. major strains/ lines with marked differences in amount and proteolytical activity of the GP63 protein. Therefore, phenotypic differences found originate probably on the level of posttranscriptional regulation of the gp63 gene product. This finding is in accordance with results of other authors; Wilson et al. (1989) observed reduced amount of GP63 protein in attenuated L. chagasi parasites in comparison with the virulent line, but they did not find genomic changes in the gp63 locus. Similarly, in clones derived from L119 strain of L. major, Murray et al. (1990) described widely fluctuating GP63 protein levels without apparent changes in the gp63 gene locus. This does not exclude the possibility that in some cases, genomic changes could affect gp63 gene expression; in Neotropical Leishmania species, the lower pathogenicity of L. peruviana was correlated with a strong reduction in copy number of gp63 genes and the absence of a specific gene family (Victoir et al. 1998) .
The protein amount and enzymatic activity of GP63 in L. major strains and lines described in this study is interpreted with knowledge of their biological differences, i.e., infectivity and virulence for BALB/c mice and development in sand flies (Čiháková and Volf 1997, Sádlová et al. 1999 ) and expression of metacyclic LPG in promastigotes . These data are summarised in Table 1 . Both expression and proteolytical activity of GP63 were very low in avirulent line LV561/AV. Reduced GP63 level is a frequent phenomenon in Leishmania promastigotes which underwent a long-termed maintenance in vitro. It was found in attenuated variants compared to virulent parasites in L. mexicana, L. chagasi, L. infantum and L. amazonensis (Chaudhuri and Chang 1988 , Wilson et al. 1989 , Santos-Gomes and Abranches 1996 , Seay et al. 1996 ). An interesting point is that passaging through both mice and sand flies (AVS5 and AVM5 lines) led to an increase in the amount of GP63 and its enzymatic activity. It has been shown also by Roberts et al. (1995) that passage of attenuated parasites through mice stimulated to re-express surface 59 kDa glycoprotein.
The data reported by Joshi et al. (1998 Joshi et al. ( , 2002 suggest that GP63 is not essential for the Leishmania development in sand flies. Their GP63 deficient mutants of L. major grow well in Phlebotomus argentipes and P. duboscqi, two sand fly species known for high susceptibility to various Leishmania species. In another parasitevector combination (L. amazonensis -Lutzomyia longipalpis), however, the GP63 appear to play a role in early stage of the infection: on day 2 post infective blood meal the GP63 deficient transfectants gave lower infec- tion rates and lower intensities of infection (Hajmová et al. 2004) . In the present study, both passaged lines AVM5 and AVS5 with higher GP63 activity showed significantly better development in P. papatasi than initial LV561/AV (Table 1) , but it cannot be excluded that some other molecules differ between these lines that might account for the correlation observed. In addition, the avirulent LV561/AV parasites with decreased amount of GP63 were able to develop heavy infections in up to 10% of flies with colonisation of the stomodeal valve. Two interpretations are possible: low amount of GP63 might be sufficient for development in sand flies or the sand fly midgut acts as a bottle neck selecting individuals with a higher amount of GP63.
High amount and proteolytical activity of GP63 in L119 and Neal strains did not compensate their poor grow in sand flies. The proportion of flies infected with both L119 and Neal strains in our previous experiments (Čiháková and Volf 1997) fall dramatically between days 3 and 6 post infective meal, which is the time of defecation of blood meal residues, when promastigotes have to escape from the peritrophic matrix and attach to the midgut. As the attachment of L. major in P. papatasi is mediated by lipophosphoglycan (LPG) (Sacks 2001) , the main grow barrier is probably the defect in LPG reported for L119 strain by McConville and Homans (1992) . Indeed, addition of the virulent LV561 glycoconjugates to L119 promastigotes raised the rate of infections in P. papatasi (Schlein et al. 1990 ) With respect to results of Hajmová et al. (2004) we may conclude that GP63 can protect promastigotes at the early stage of development in sand flies, but cannot compensate LPG defect at a subsequent developmental stage.
A role of GP63 in the host is indicated by the fact that parasites of L119 strain possessing LPG defect but very high GP63 activity caused lesion in 100% of inoculated mice (Table 1) . However, the GP63 enzymatic activity did not correlate simply with virulence/avirulence of L. major lines studied by our group (Table 1) . This agrees with hypothesis that GP63 is only one of the invasive/evasive molecular determinants of Leishmania parasites, the second very important one being LPG McGwire 2002, Yao et al. 2003) .
The overexpression of the metalloproteinase GP63 in both strains defective in production of metacyclic LPG (L119, Neal) is the intriguing finding of this study. Previously, Murray et al. (1990) also observed higher level of GP63 expression in L119 strain, comparing to virulent LV561 strain, and suggested that this phenomenon may be associated with lack of detectable levels of LPG in this strain. Both GP63 and LPG are surface molecules anchored by GPI; they both contribute to a phenotype and are probably crucial for the parasite survival in the vertebrate host (see also Sádlová 1999) . Compensation of one molecule by the second (by mechanisms yet unknown) might be a contra-strategy of the parasite on how to avoid a lethal defect. Our results support this hypothesis: summarised data of GP63 activity and metacyclic LPG production in different strains/lines of L. major gave very significant correlation with their success in mice infections. Calculating separately, there was no correlation.
Recent genetic studies with well-defined mutants allow exact evaluation of the respective virulence factors. The requirement of GP63 for parasite interaction with macrophages was confirmed in L. amazonensis (Chen et al. 2000) but was not found in L. major and L. mexicana (Hilley et al. 2000) . Different results were obtained also with LPG mutants lacking the gene These results probably reflect surprising speciesspecific differences in the role of GP63 and LPG (reviewed by Turco et al. 2001) in the mammalian host. Therefore, some variability and plasticity in the relative importance of these two molecular determinants may be expected also in an intraspecific level. Chakrabarty et al. (1996) showed in two virulent strains of L. donovani that the contributory roles of GP63 and LPG differ either in recognition or in the rate of internalisation into macrophages. In their experiments, preblocking of macrophage receptors with either GP63 or LPG affect the entry of the one or the second virulent strain, respectively.
The substitution of these two molecules can be envisaged with respect to their suggested roles in the vertebrate host. Both LPG and GP63 have been implicated in crucial steps of Leishmania-host interactions, i.e., influence of monocyte migration (Frankenburg et al. 1990 , Sörensen et al. 1994 ), attachment to macrophages (Russell 1987 , Russell and Wright 1988 , Da Silva et al. 1989 , Talamas-Rohana et al. 1990 ), avoiding complement attack (Puentes et al. 1990, Brittingham et and protection from degradation in macrophage phagolysosomes (McNeely and Turco 1990 , Proudfoot et al. 1996 , Seay et al. 1996 , Späth et al. 2000 . Some of the functions remain yet to be confirmed using gene knockout methods and some may be species-specific, but it is clear that these molecules accomplish in a different manner very similar functions. However, our results with L119 and Neal strains indicated that the compensation of LPG defect by overexpression of GP63 is useless during the vector part of the life cycle. In sand fly these Leishmania molecules seem to fulfil quite different functions, and therefore, defect in LPG is lethal for the parasite. On the other hand, the products of LD1 amplicons seem to help Leishmania parasites in their development in the vector.
